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Abstract
Absolute differential elastic and vibrational excitation cross sections have been
measured for formic acid at 135◦ from threshold to 5 eV. Most vibrationally
inelastic cross sections have a narrow peak at threshold, followed by a
broadband with a boomerang structure due to the known π∗ shape resonance.
The cross section for the excitation of the O–H stretch vibration behaves
differently, it also peaks at threshold, but then drops only slowly, with narrow
cusp structures, and only a very weak inﬂuence of the π∗ shape resonance. The
cusp structures are even more pronounced in the cross section for the excitation
of the O–H stretch overtone. The elastic cross section rises steeply at low
energies. The π∗ shape resonance decays also by the ejection of very slow
electrons, exciting a vibrational quasicontinuum at large energy losses.
1. Introduction
Electron-induced processes in formic acid are important as a prototype for various biological
systems and have been invoked to play a role in astrobiology [1]. An early electron transmission
work revealed a π∗ shape resonance with a boomerang structure at 1.9 eV [2, 3]. Very
interesting phenomena were recently discovered in electron-driven chemistry (dissociative
electron attachment) of formic acid and its clusters [1, 4–7]. The HCOO− formate anion
signal appeared at its energetic threshold at 1.25 eV [4] despite the fact that direct dissociation
of the a′′ π∗ shape resonance into the a′ products is symmetry forbidden in the Cs group.
The mechanism of the dissociative electron attachment was studied theoretically and the
absence of the dissociation barrier was explained by Rescigno et al [8]. High signal-to-noise
ratio spectrum revealed narrow structures on the dissociative electron attachment band [4].
An early dissociative electron attachment spectrum was reported by Muftakhov et al [9].
Calculations of resonances were reported by Gianturco and Lucchese [10].
This work aims at obtaining complementary data on the resonant processes in formic acid
by measuring the cross sections for vibrational excitation. They are recorded as a function of
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the incident electron energy in the range 0.05–5 eV. The scattering angle of 135◦ is chosen to
emphasize the resonant phenomena and reduce the amount of direct dipole excitation which
peaks in the forward direction. Vibrational excitation competes with dissociative electron
attachment and provides rich complementary information on resonances. In particular, shape
resonances strongly enhance vibrational excitation [11]. The selectivity of exciting various
normal modes provides information on the ways in which the geometry of the negative ion
is different from that of the neutral target and thus on the nature of the resonances [12]. The
complementary vibrational excitation and dissociative electron attachment results can provide
a deeper understanding of the dissociative electron attachment process, as exempliﬁed by the
work on chlorobenzene [13]. Vibrational excitation is also a suitable tool to study vibrational
Feshbach resonances [14].
2. Experiment
The measurements were performed using a spectrometer with hemispherical analysers
[15, 16]. The energy resolution was about 14 meV in the energy-loss mode, corresponding
to about 10 meV in the incident electron beam, at a beam current of around 250 pA. The
energy of the incident beam was calibrated on the 19.365 eV [17] 2S resonance in helium
and is accurate to within ±10 meV. The analyser response function was determined by elastic
scattering in helium. The sample was introduced through a 0.25 mm diameter effusive nozzle
kept at 35 ◦C. Absolute values of the cross sections were determined by comparison with the
theoretical helium elastic cross section [18], as described in [15]. The elastic cross sections
are accurate within about ±20%, the inelastic cross sections within about ±25%.
The pressure was kept low in the present experiments, both to minimize the formation
of dimers and to prevent attenuation of low-energy scattered electrons by double scattering,
which is particularly important for formic acid because of the very large elastic scattering
cross section at very low energies (see the discussion of the elastic cross section below). The
equilibrium constant for dimer formation and its temperature dependence have been measured
by Taylor and Bruton [19]. Their formula indicates the value K = 5.4 Torr at 35◦, the nozzle
temperature of the present experiment. This in turn indicates that the ratio r = Pm/Pd of the
monomer and dimer partial pressures is r = 0.97 at a total pressure Pt = 0.25 mbars, r = 0.89
at Pt = 1 mbar and r = 0.79 at Pt = 2.5 mbars. The present measurement of the absolute
elastic cross section was carried out at 2 eV at a nozzle backing pressure of 0.17 mbars where
the dimer partial pressure is calculated to be less than 3% of the total pressure. The majority
of the spectra were recorded at a nozzle backing pressure of 1 mbar, but it was veriﬁed that
the spectra are essentially independent of the pressure between 0.25 and 2.5 mbars.
The liquid formic acid sample was kept at 0 ◦C, and the vapour under these conditions is
known to contain a high percentage of dimers. This vapour was dosed by a needle valve, and
then carried to the nozzle by a 6.35 mm diameter, 1 m long stainless steel tube, kept at 25 ◦C.
The pressure in this tube (the nozzle backing pressure) could be measured with a capacitance
manometer. The residence time in this tube gave ample time for the dimers to dissociate and
reach their equilibrium partial pressure, since the chemical relaxation times under comparable
conditions were found to be of the order of 10 μs [20]. To test whether the equilibrium partial
pressures were really reached during the transit in the 1 m long inlet tube, a section of it was
heated to about 100 ◦C for some time (to accelerate the dissociation) and it was veriﬁed that
the spectra did not change.
These considerations indicate that the present results refer to the monomer, with dimer
contributions below the error limit of the data. This statement is made under the plausible
assumption that the elastic cross section of the dimer is not dramatically larger than that of
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Figure 1. Near-threshold electron energy-loss spectrum recorded at a nozzle backing pressure of
1 mbar. The letter d denotes the wagging vibration of the dimer at 29 meV [21].
Table 1. Vibrational energies of formic acid [22].
Vibration Sym. species Type Energy (meV)
ν1 a
′ O–H stretch 443
ν2 a
′ C–H stretch 365
ν3 a′ C=O stretch 220
ν4 a
′ C–H bend 172
ν5 a′ O–H bend 152
ν6 a′ C–O stretch 137
ν7 a
′ O–C–O deformation 78
ν8 a′′ C–H bend 128
ν9 a′′ Torsion 79
the monomer at 2 eV. It should be noted that the situation is different in this respect for
the dissociative electron attachment, where the dimer cross sections appear to exceed the
monomer cross sections by orders of magnitude, yielding strong signals even with modest
partial pressures of dimer [1].
3. Results and discussion
Figure 1 shows an electron energy-loss spectrum recorded by varying the incident electron
energy and collecting slow scattered electrons with a residual energy of 50 meV. It shows
which vibrational levels are excited very near threshold. A summary of the normal modes
is given in table 1. The relative peak heights below an energy loss of about 0.15 eV are
only qualitative—the efﬁciency of the instrument decreases at very low incident energies due
to gradual loss of the incident electron beam, and the spectrum in ﬁgure 1 thus shows the
elastic peak, and to a lesser degree the peak at E = 79 meV, too low. The spectrum in
ﬁgure 1 reveals that many vibrations are excited at threshold, but that the O–H stretch is
particularly active, the excitation of up to three quanta of this vibration is clearly visible.
Apart from the ‘speciﬁc’ excitation of low quanta of discrete vibrational levels, ‘unspeciﬁc’
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Figure 2. Electron energy-loss spectra recorded at backing pressures of 1 mbar (250 μm nozzle,
dashed line) and about 60 mbars (30 μm nozzle, continuous line). Selected vibrations are marked
by dashed (monomer) or solid (dimer) vertical bars.
excitation of a vibrational quasi-continuum through the a′′ π∗ shape resonance is observed
as an underlying structureless band in the 0.7–2.2 eV energy loss range. This phenomenon
is common in polyatomic molecules [23–26]. It has been studied theoretically by Gauyacq
[27]. It is phenomenologically related to, and could have a similar origin as, the superinelastic
electron transfer observed by Lu et al [28], where electrons attach to N2 molecules adsorbed
on a thin layer of frozen H2O to form the 2g resonance, and then are transferred, with high
probability, to unrelaxed traps in the water layer, depositing the energy released in the process
in vibrational motion.
One feature in the spectrum in ﬁgure 1 can be identiﬁed as belonging to the dimer—the
shoulder at 29 meV can be assigned to the dimer out-of-plane wagging vibration (no. 20 in
[21]), with possible contributions of the nearby in-plane rock vibrations (nos. 19 and 21 in
[21]). Its low intensity is consistent with the conclusion reached in the experimental section
that the dimer partial pressure is low in the present experiment. It is also in line with the
early electron energy-loss spectrum [2] which indicated that higher pressure conditions were
required to yield discernable dimer vibrational peaks.
To further verify this critical assumption, an energy-loss spectrum was recorded at higher
pressure, by taking formic acid vapour at its equilibrium pressure at room temperature (about
60 mbars), where a majority of the particles are dimers, and expanding it directly into the
collision region through a 30 μm nozzle. The low and high pressure spectra are compared
in ﬁgure 2. The weak shoulder at E = 29 meV in the low pressure spectrum becomes the
dominant inelastic peak in the high pressure spectrum, conﬁrming the low dimer concentration
at low backing pressures. Several other dimer vibrations can be discerned in the high pressure
spectrum. The O–H torsion vibration (no. 15 in [21]) is visible at 114 meV. The C=O
stretch vibration of the monomer is shifted to lower energy and becomes broader, reﬂecting
the splitting into a doublet in the dimer. The O–H stretch vibration is split and dramatically
shifted to lower energies in the dimer. The higher of the two O–H stretch vibrations of the
dimer can be clearly discerned at 386 meV in ﬁgure 2.
Electron energy-loss spectrum recorded at a constant incident energy corresponding to
the π∗ shape resonance is shown in ﬁgure 3. The spectrum is corrected for the analyser
response function. Surprisingly, it is not very different from the threshold spectrum in the
energy range of the ‘speciﬁc’ vibrational excitation. The π∗ resonance would be expected to
excite the C=O stretch vibration ν3, the C–O stretch vibration ν6 and the O–C–O bending
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Figure 3. Electron energy-loss spectrum recorded at a constant incident energy situated within the
π∗ shape resonance. The nozzle backing pressure was 1 mbar. The dashed vertical line below the
spectrum at 1.28 eV indicates where the division between the speciﬁc and the unspeciﬁc vibrational
excitation has been taken for the purpose of determining the absolute cross sections of the two
processes.
Table 2. Absolute differential cross sections at 2 eV and θ = 135◦, in A˚2 sr−1 (1 A˚2 = 104 pm2).
Process ∂σ/∂	
Elastic 1.5
All inelastic processes 0.77
All inelastic processes up to E = 1.28 eV 0.65
All inelastic processes above E = 1.28 eV 0.12
Total (sum of elastic and inelastic) 2.27
vibration ν7 by virtue of the bonding and antibonding properties of the temporarily occupied
π∗ orbital, and this expectation is conﬁrmed by the spectrum. Excitation of three quanta of the
O–H stretch vibration is observed, similar to the threshold spectrum, but it will be shown below
that this excitation is not due to the π∗ resonance. The spectrum provides a deeper insight into
the nature of the unspeciﬁc excitation of the vibrational quasicontinuum—it is seen to peak at
zero energy of the departing electron, as already observed earlier for other molecules [23–26].
At an intermediate range of energy losses both mechanisms are operative—speciﬁc vibrations
are excited, superimposed on a vibrational quasicontinuum.
The areas under the inelastic peaks and the continuous signal in ﬁgure 1, together with the
separately measured elastic cross section at 2 eV, were used to determine absolute differential
inelastic cross sections at 2 eV and 135◦. The areas under the individual narrow peaks in
the speciﬁc vibrational excitation region were used to normalize the excitation functions,
described below, to absolute values. The sum of the cross sections for all inelastic processes
(both speciﬁc and unspeciﬁc vibrational excitations) has been obtained by integrating under
the entire inelastic range of the spectrum, for energy losses between 0.05 and 2.0 eV, with the
result given in table 2. The sum of all inelastic cross sections is seen to be quite large, about
one half of the elastic cross section, making the total cross section 1.5 times larger than the
elastic cross section at 2 eV and 135◦.
It would be interesting to compare the relative importance of the speciﬁc and unspeciﬁc
excitation cross sections. The two processes overlap and there is no unique criterion as to
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Figure 5. Cross sections for vibrational excitation.
where exactly they should be divided, but a useful qualitative indication is obtained when the
division is drawn at the energy lossE = 1.28 eV, theminimum in the distribution of scattered
electrons in ﬁgure 3. The results are also given in table 2. The speciﬁc vibrational excitation
is found to be more intense by a factor of about 5. The unspeciﬁc vibrational excitation has
been found to become more important with increasing molecular size [23, 25, 26].
Figure 4 shows the elastic cross section recorded as a function of electron energy. It
rises to very large values at low energy, as expected because of the sizeable dipole moment of
formic acid. The trans isomer, more stable than the cis isomer by 0.17 eV and predominant
under the present conditions, has a dipole moment of 1.4 D ([29] and references therein). The
π∗ shape resonance causes a weak structure in the elastic cross section around 2 eV.
Selected vibrationally inelastic cross sections are shown in ﬁgure 5. In some cases
there are ambiguities in the assignment of the vibrations, in particular ν7 and ν9 are nearly
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Figure 6. Detailed view of cross sections for vibrational excitation.
degenerate and the excitation function recorded with the energy loss E = 79 meV is the
sum of the cross sections for the excitation of both vibrations. The nodal properties of
the π∗ orbital—it is bonding with respect to the O–O distance—indicate that the O–C–O
angle becomes substantially smaller in the anion and explain the excitation of the O–C–O
deformation vibration ν7 in the π∗ energy range. Measurement of the singly deuterated formic
acid HCOOD indicated that both ν7 and ν9 are excited.
Several of the cross sections have very similar shapes—a narrow threshold peak followed
by a broader band around 1.9 eV, due to the π∗ shape resonance, with a boomerang structure
already known from the early electron transmission study [2]. A notable exception is the
cross section for the excitation of the O–H stretch vibration which also peaks at threshold
but then decreases much slower than the remaining cross sections. This reveals an excitation
mechanism other than the usual threshold peaks and other than the π∗ shape resonance. It
could be related to a O–H σ ∗ shape resonance, which is expected to lie above the π∗ shape
resonance [8], but to be very broad, so that it could affect vibrational excitation even below its
nominal energy.
The O–H stretch excitation cross section further exhibits structures at the thresholds
for the excitation of the higher O–H stretch quanta. The structures are more visible in the
detailed view in ﬁgure 6. They become deeper in the cross section for the excitation of the O–H
stretch overtone, in line with similar observations made in other molecules, for example in HF
[30, 31] and CO2 [32]. Structures of this type can be either cusps at vibrational thresholds, or
vibrational Feshbach resonances [14]. A clear distinction is provided when the energy of the
structure observed in the cross section is clearly below the vibrational threshold as for example
in HF [30, 31]. In the present case the structures are not situated clearly below the vibrational
thresholds and the question cannot, unfortunately, be clearly answered. They could be cusps,
or vibrational Feshbach resonances situated below the threshold by an energy difference too
small to be resolved in the present experiment.
The general shape of the present O–H stretch cross sections and the fact that they are
excited even in higher overtones resemble the results in hydrogen halides [31, 33, 34], and
bear out the similarities in electron scattering brought by the presence of an acidic hydrogen in
a molecule. This similarity appears to extend even to dissociative electron attachment, where
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a signal drop of the conjugate base HCOO− has been observed at 1.63 eV [4], the threshold
for exciting four quanta of the O–H stretch vibration ν1, analogous to the steps at vibrational
thresholds reported for halogen halides [33, 35–37].
Figures 5 and 6 also show the cross section for the excitation of the vibrational
quasicontinuum at an energy-loss E = 1.5 eV. Since the ﬁnal state is not discrete in
this case, the absolute value is given for a slice in the energy-loss spectrum with a width of
E = 0.10 eV, that is, between E = 1.45 eV and E = 1.55 eV. It also has a weak cusp
at the energy of one O–H stretch vibrational quantum above the onset.
4. Conclusions
The elastic cross section is very large at low energies and has a hump around 2 eV, due
to the π∗ shape resonance. The π∗ shape resonance causes strong vibrational excitation;
the vibrationally inelastic cross section summed over all vibrational levels amounts to 50%
of the elastic cross section at 2 eV. There are two regimes of vibrational excitation in the
π∗ resonance region—the ‘speciﬁc’ vibrational excitation where speciﬁc vibrational modes
are selectively excited up to an energy loss of about 1.2 eV, and the ‘unspeciﬁc’ vibrational
excitation where a vibrational quasi-continuum is excited without selection with respect to the
vibrational mode, peaking at zero energy of the scattered electrons. The prominent vibrational
modes in the ‘speciﬁc’ excitation regime are those expected from the nodal properties of the
temporarily occupied orbital: the C=O and C–O stretch modes ν3 and ν6, as well as the O–C–
O bending mode ν7. The vibrational cross sections recorded as a function of electron energy
generally have a threshold peak and the π∗ resonance band around 1.9 eV, with boomerang
structure already known from early electron transmission experiments. The cross section for
the excitation of the O–H stretch excitation ν1 and its overtones have a different shape, also
peaking at threshold but falling off much more slowly than the customary threshold peaks.
Superimposed on this broadband are narrow structures, more pronounced in the overtone
excitation, which could be cusps at vibrational thresholds or vibrational Feshbach resonances.
Many analogies between the O–H stretch excitation in formic acid and vibrational excitation
in hydrogen halides indicate general similarities in the physics of electron scattering in acids.
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